Abstract-This paper presents a dual-band quadrature voltage-controlled oscillator (QVCO) using a transformer-based high-order LC-ring resonator, which inherently provides quadrature signals without requiring noisy coupling transistors as in traditional approaches, thereby achieving low phase-noise performance. Moreover, the proposed resonator shows two possible oscillation frequencies, which are exploited to realize a wide-tuning range QVCO employing a mode-switching transistor network. Due to the use of transformers, the oscillator has a minimal area penalty compared to the conventional designs. The implemented prototype in a 65-nm CMOS process achieves a continuous tuning range of 77.8% from 2.75 to 6.25 GHz while consuming from 9.7 to 15.6 mA current from a 0.6-V supply. The measured phase-noise figure-of-merit at 1-MHz offset ranges from 184 to 188.2 dB throughout the entire tuning range. The QVCO also exhibits good quadrature accuracy with 1.5 maximum phase error and occupies a relatively small silicon area of 0.35 mm .
I. INTRODUCTION

I
N-PHASE AND quadrature-phase (I/Q) signal generation is an essential task in various RF transceivers for orthogonal down-conversion and up-conversion. Several different techniques can be employed to generate I/Q signals. In the most commonly used approach, a voltage-controlled oscillator (VCO) working at twice the desired frequency is followed by a flip-flop-based divide-by-2 circuit to generate quadrature phases. In another technique, a quadrature voltage-controlled oscillator (QVCO) directly produces I/Q signals without the need for doubling the frequency. Fig. 1(a) shows the topology of the conventional QVCO made of two transistor-coupled LC oscillators [1] . There are several drawbacks with this architecture, which restrict its use in many applications. To gain some insight into the limitations of this topology, the phasor diagram of the tank voltages and currents is shown in Fig. 1(b) . As can be seen, the total current flowing through the tank is the result of summation of two orthogonal phasors and , thereby shows a phase shift of with respect to tank voltage. As illustrated in Fig. 1(c) , in order to provide this phase rotation, the oscillator needs to operate off-resonance. By equating the phase response of the tank near resonance to , the oscillation frequency can be found as [2] (1) where and is the tank quality factor. The above equation explains the main issues encountered with the QVCO architecture in Fig. 1(a) , as will be discussed in the following. First, there are two possible oscillation frequencies depending on if there is 90 or 90 phase shift between the outputs of two VCOs. This bimodal oscillation property has been proven to be problematic in reality [3] and several techniques have been proposed to avoid this behavior [3] - [5] . Second, while coupling transistors provide no loss compensation, they cause the LC tank to work away from the resonance where the quality factor is lower than the optimal value, thus deteriorating the phase-noise performance [6] . Since the oscillation frequency becomes a function of coupling strength between two VCOs, flicker noise in currents and also directly modulates and translates into phase noise [7] - [9] . Due to these reasons, the phase-noise performance of conventional QVCOs is typically from 5 to 10 dB inferior to their single-tank counterparts. Third, while a small coupling factor is more desirable for low phase noise and low power consumption, it makes the QVCO more susceptible to unavoidable component mismatches, thereby degrading the quadrature phase accuracy [10] . Therefore, there is a strong tradeoff between phase noise, power consumption, and phase accuracy.
A number of QVCO topologies have been proposed in the literature to alleviate the aforementioned issues [11] - [20] . From the above discussion, it can be concluded that if the coupling of LC tanks could be accomplished through passive devices instead of noisy transistors, then the phase-noise performance would be substantially improved. Considering this fact, several QVCOs using passive coupling have been previously proposed to reduce the phase noise or phase error. For instance, [19] couples two differential oscillators through capacitors to completely eliminate noise from the coupling transistors. As has been extensively discussed in [16] , an LC ring composed of two capacitive-coupled LC tanks similar to what is shown in [19] cannot achieve quadrature operation, and active coupling devices are necessary to generate quadrature signals. This is also indicated in [19] that the quadrature locking is actually achieved due to second-harmonic coupling. However, because of low-level harmonic contents at the oscillator's outputs, it is difficult to achieve a strong coupling between the two individual oscillators, resulting in undesirable high phase error ( 3 calculated from the reported single-sideband (SSB) rejection ratio).
As another example of passive coupling, [20] uses transformers that provide coupling between the sources of one stage and the drains of the other stage. Therefore, coupling transistors are eliminated together with their noise effects. Moreover, the use of a transformer at the source of transistors allows operation at lower supply voltages. However, the operating frequency of this QVCO is away from the tank free-running oscillation frequency and depends on the coupling strength between the two differential oscillators, which causes phase-noise degradation similar to the conventional QVCOs. This problem has been addressed in [14] that relies on a ring of two magnetically coupled VCOs, where the resonance frequency is a function of passive components only, showing low noise and accurate quadrature phases. However, both of the QVCO structures in [20] and [14] have very limited tuning range.
It has been shown in [16] that by using a ring of capacitive coupled LC tanks, it is possible to realize a high-accuracy multi-phase VCO with a figure-of-merit (FoM) competitive to single-tank oscillators. Such a high-order LC ring also provides multi-oscillation modes, which can be exploited to realize a wide-tuning-range QVCO, as in [17] . However, the quadrature oscillator in [17] requires four separate symmetrical inductors, which are very area consuming and significantly complicate the routing of signal paths. Another QVCO based on a transformer-based ring resonator was briefly reported in [21] . Due to use of transformers, it achieves considerable area saving while still maintaining the advantages of the topology in [17] . Moreover, contrary to the left-handed LC ring resonator of [17] , which always has higher loss in its lower resonance frequency, the proposed resonator can be designed to have the same energy loss in both modes, reducing the variations in the FoM throughout the whole tuning range. Compared to the conventional QVCO, the proposed oscillator employs passive components for quadrature signal generation and active devices are only required for loss compensation and switching between the two oscillation modes. As a result, it achieves a phase-noise FoM comparable to single-tank VCOs. Moreover, by taking the advantage of its dual-resonance property, it covers more than of one octave frequency range.
This paper extends the work in [21] by providing an in-depth analysis of the proposed dual-band QVCO. This paper also offers more insight into the design and circuit implementation of the oscillator and shows how different parameters in the LC ring affect the phase-noise performance and quadrature accuracy of the QVCO. This paper is organized as follows. Section II analyzes the operation principles of the quadrature oscillator with a detailed explanation on the mode selection mechanism. The phase-noise performance of the QVCO is also discussed in this section. Section III presents the circuit implementation of the QVCO and shows how the optimum values for different parameters in the LC ring are chosen. The measurement results of a prototype design are provided in Section IV. Finally, Section V draws a conclusion. Fig. 2(a) shows the proposed LC-ring resonator, which is composed of two transformers coupled together through capacitors [21] . Each transformer consists of two magnetically coupled coils with similar inductance of , and coupling coefficient , loaded by capacitors and in both of its sides . The total loss at each port of the resonator is modeled using a parallel resistor . According to the Barkhausen criterion, the resonator oscillates when the total phase delay around the ring is an integer multiple of . Moreover, because of the symmetry of the structure, and . Therefore, considering the fact that the resonator operates differentially, it follows that must be an odd integer multiple of or equivalently , where is an integer number. Therefore, it can be concluded that irrespective of the values of and , the total phase delay between and (and also between and ) is always an odd integer multiple of . In other words, upon compensating the losses in the system, the resonator produces two sets of quadrature signals and without requiring noisy coupling transistors. It should be noted that, in general, inductors and can have different values without affecting the quadrature operation of the resonator. However, as has been shown in [22] for a fourth-order resonator, the symmetric case of and maximizes the voltage swing on both sides of the transformers, resulting in best phase-noise performance. In the following, it will be shown that the resonator has two possible oscillation frequencies.
II. PROPOSED QVCO ARCHITECTURE
A. Principle of Operation
The resonance frequencies of the ring can be found from the input impedance looking into each port . To determine , each half-circuit indicated in the dashed box in Fig. 2 (a) is replaced by its admittance matrix [see Fig. 2 
The expressions for , , , and are shown in (3) at the bottom of this page. Referring to Fig. 2(b) , the following equations can be derived:
Subtracting (5) from (4) and considering the fact that results in (6) Thereby (7) By substituting and with their values from (3), the expression of the input impedance for is obtained as shown in (8) at the bottom of the page. Assuming the resonator (3) (8) is lossless (i.e., ), the oscillation frequencies can be obtained by setting the denominator of to zero, and are given by (9) where and . Also, it can be seen from (8) that has a notch frequency located at (10) It is important to note that the value of is generally different at the two resonance frequencies. As shown in the Appendix, assuming the series resistance of the inductors dominates in the resonator's loss, the values of at and can be approximated as (11) (12) As an illustration, the resonator is simulated with nH, pF, and assuming a quality factor of 15 for the inductors at 5 GHz . The amplitude of is plotted in Fig. 3 (a) and (b). In Fig. 3(a) , and is tuned from 0.5 to 2, while in Fig. 3(b) , and is swept from 0.1 to 0.4. As expected, two resonance peaks and one zero appear in the amplitude response of with frequencies as predicted by (9) and (10), respectively. Note that the magnitude of at and corresponds to the value of at these frequencies, i.e., and , respectively. As is clear from Fig. 3 (a) and (b), increasing both and makes the two peaks become farther apart. However, and have opposite effects on and . While increasing makes the lower resonance peak more dominant, increasing causes the lower peak to go down and slightly pushes up the higher peak.
When designing a dual-mode oscillator, it is highly desirable to have the same energy loss in both bands. Otherwise, the oscillator will need to consume more power in the higher loss mode to maintain similar phase-noise performance, leading to an imbalance operation in the two bands [22] . From the above discussion, by properly adjusting and , it is possible to make and equal and thereby achieve the same phase-noise performance in both modes. Based on (11) and (12), the required condition for can be easily derived as
Substituting for from (10) yields (14) Equation (14) reveals the required relation between and to obtain the same energy loss in both modes. It is important to note that by making , one can actually achieve the same quality factor for the resonator at the two oscillation frequencies. To verify this, the of the resonator at the two oscillation modes is derived in the following. The of an oscillator is defined as (15) where is the resonance frequency and is the phase response of the resonator's input impedance. From the expression of in (39) in the Appendix and for and , the quality factor of the resonator at and can be found as
By equating (16) and (17) and substituting for and with their values from (9), it is found that and must follow a similar relation as in (14) to achieve the same in both bands.
In order to gain more insight into the resonator's operation, it is helpful to construct the phasor diagram of the circuit's voltages at the two resonant frequencies. As discussed earlier, when the resonator oscillates, is an odd integer multiple of , or equivalently, voltage pairs and run in quadrature. However, as will be shown in the following, and are highly a function of and values and play a very important role in the overall oscillator's performance. By inspection of Fig. 2(a) , the ratio between and can be derived as (18) Referring to Fig. 2(a) , the following equation can be derived:
Based on (7), at resonance, and due to the reciprocity of the circuit, . Therefore, (19) can be rewritten as (20) At steady state, the voltages across the four LC tanks tend to have the same amplitude, hence, and . By substituting into (20) , it can be easily found that . Replacing and in (18) yields (21) Therefore,
By substituting and values from (9) in (22), can be found as a function of and , which is graphically shown in Fig. 4 . Interestingly, it can be seen that always and . As will be discussed in Section II-B, the switching between the two oscillation modes is accomplished by taking advantage of this property. Now that the phase relationship between all the voltages across the LC tanks is known, the resonator phasor diagrams at and can be drawn as depicted in Fig. 5 . Note that because of the symmetry, signals can propagate either clockwise or counter-clockwise along the ring, resulting in two different possible phase patterns in each oscillation frequency. 
B. Mode Selection
As in any oscillator circuit, the losses need to be compensated by the energy provided by the active devices. This can be simply done by placing a negative transconductor at each port of the resonator, as illustrated in Fig. 6 . In order to ensure the startup of the oscillation, the value of must be chosen to satisfy . As explained in Section II-A, the input impedance looking into each port has two potential resonant frequencies and , and the resonator is designed to show approximately the same losses at these frequencies to maintain the same FoM in two modes. In such a scenario, the negative transconductors are not able to discriminate between two resonant frequencies and might satisfy oscillation conditions at both and . In other words, the resonator can potentially oscillate at either or , or even simultaneously oscillate at both frequencies. In the following, it will be shown how to make the oscillator operate stably at the desired mode.
First, suppose injecting a current into each side of the transformers with a value proportional to the voltage on the other side, as illustrated in Fig. 6 . Taking port 1 as an illustration, a current of is injected into this port. The phasor diagram can be thereby constructed as shown in Fig. 7 . The injected current can be decomposed into two orthogonal components:
and . , which is in quadrature with the current , does not provide any loss compensation, and as will be discussed later, causes phase-noise degradation. On the other hand, can be in-phase or 180 out-of-phase with depending on the polarities of and . In other words, this components can inject or dissipate energy depending on if the product of is negative or positive, respectively. The value of can be easily derived from (22) as follows: 
Since
, it can be concluded from (24) that is negative when the resonator works at while it becomes positive at . This result is also evident in Fig. 4 . Consequently, when , will add extra losses to the LC tanks at , making the effective transconductance at each port to be . On the other hand, will appear as a negative transconductance at , making be . To ensure startup of the oscillation at and damp any undesired oscillation at , the following conditions must be satisfied: (25) Therefore, a sufficiently negative can ensure stable oscillation at . Similarly, it is easy to check that a sufficiently positive that satisfies the following two conditions can guarantee sustainable oscillation at :
To summarize the above discussion, the switching between two resonant modes can be simply accomplished by only flipping the polarity of . A similar mode switching scheme have been also used in some other recently published multi-band oscillators such as [18] and [22] - [25] .
C. Oscillation Amplitude
Consider that each of and cells in Fig. 6 are to be implemented, respectively, using NMOS cross-coupled transistors and NMOS differential pairs, as illustrated in Fig. 8 . At relatively high oscillation amplitudes, the transconductor cells essentially act as hard limiters, nearly injecting square-wave currents into the LC tanks. Due to the bandpass filtering response of the resonator, only the fundamental harmonics of currents are retained, which are equal to , for and cells, respectively. Parameter is defined as the ratio between the tail currents of the and cells . As discussed in Section II-B, the current component of , which is in quadrature with the output voltage (e.g., in Fig. 7 ) provides no loss compensation. Therefore, the voltage amplitude across each LC tank can be expressed as (27) while the oscillator consumes a total current of . As a result, compared to a single-tank oscillator, the proposed QVCO will need to consume times more power to achieve the same voltage amplitude.
D. Phase Noise
In order to find the optimum values for different parameters in the proposed resonator, a solid understanding of their effects on phase-noise performance proves essential. Several different methods exist for the analysis of phase noise in LC-oscillators. In the most general analysis technique, introduced by Hajimiri and Lee [26] , the oscillator is characterized using the impulse sensitivity function (ISF), which provides a complete description of the noise sensitivity of the oscillator. This time-variantlinear approach will be used in the following to calculate the phase noise of the QVCO.
The phase noise at an offset frequency from the carrier can be expressed as [14] , [26] , [27] (28) with being the maximum charge displacement across the capacitor on the oscillation node, and being the effective noise power, which is converted to phase noise for the th source, and is given by (29) where is the oscillation period, is the power spectral density of the th noise source, and is the corresponding ISF. Due to the symmetry of the QVCO in Fig. 6 , phase noise can be analyzed by considering only the thermal noise associated to one of the four coupled oscillators. The total phase noise can be then obtained by adding in power the phase noise generated by each of the four uncorrelated noise sources. It is well known that for a differential oscillator, the ISF at a specific node is approximately a sinusoid in quadrature with the node voltage. Extensive simulations show that for the QVCO in Fig. 6 , this approximation is only valid for very small values of . However, as increases, the phase shift between the ISF at each port and the corresponding voltage deviates from ideal quadrature. Based on the analysis in [27] , assuming the voltage at port 1 is , the ISF associated with this port can be well approximated as (30) where is the number of coupled LC tanks, is the oscillation frequency, and is the departure of ISF from the ideal quadrature, given by (31) Now, taking port 1 for illustration, the phase-noise contribution of can be simply calculated using (29)- (31) as [14] (32)
where (33) Expressing the noise contributions of the and cells by the noise factor [7] , [28] , the total phase noise can be calculated by means of (28) and (32) as (34) where is defined to be . In order to gain more insight, the phase noise of the QVCO is compared with phase noise of a single-tank oscillator . Following the above analysis, the expression for can be easily obtained as (35) Therefore, from (34) and (35), the phase-noise difference between the proposed QVCO and a single-tank oscillator is derived as (36) In a single-tank LC VCO, the phase noise caused by the negative transconductor is to a large extent due to the thermal noise of the cross-coupled transistors. However, in the QVCO of Fig. 6 , cells with thermal noise of also contribute to the overall phase noise. Assuming the resonance frequencies and the voltage amplitudes for the two oscillators are the same, can be written using (27) as follows:
Equation (36) reveals that the phase noise is reduced by a factor of 4 due to the coupling of four LC tanks. This is, of course, achieved at the expense of times higher power consumption, as discussed earlier. Moreover, based on (36) and (37), the coupling transconductors that are employed for selecting the desired oscillation mode degrade the phase-noise performance. It is clear that the phase-noise degradation becomes more pronounced as increases and tends toward zero. These results provide important design insights for the QVCO, as explained in the following. The phase-noise performance can be improved by: 1) selecting to be as small as possible, or in other words must be chosen to be only large enough to ensure oscillation at the desired mode even at the presence of worst case process, voltage and temperature (PVT) variations and 2) choosing a larger value for and a smaller value for . From Fig. 4 , as increases and decreases, tends towards 180 (0 ) at , which makes and go to 1 and , respectively.
III. CIRCUIT DESIGN AND IMPLEMENTATION
From the discussion so far, it is clear that the coupling parameters and play an important role in the overall performance of the QVCO and must be chosen very carefully. There are two considerations in determining the value of these parameters. First, while larger coupling factor is more desirable for low phase-noise performance, it drops the higher resonant peak and increases the separation between two oscillation frequencies. Therefore, the maximum acceptable value of is determined by the targeted frequency range (Fig. 3) . After a few iterations, the value of in the prototype was selected to be 0.28. Second, smaller results in better phase-noise performance, but on the other hand, it makes the QVCO more susceptible to the unavoidable component mismatches, thereby degrading the quadrature phase accuracy. Accordingly, there is a lower bound on the value of imposed by the required quadrature accuracy. It is important to note that when is fixed, becomes smaller by increasing . As a result, better phase-noise performance, but with higher phase error, is expected with reducing frequency in each band.
In order to see the sensitivity of the QVCO to the component mismatches, Fig. 10(a) shows the simulated phase error for different values of assuming 1% mismatch between the loading capacitors of the two coupled transformers (the value of is equal to for the left transformer, and for the right transformer in Fig. 9 ) at the two oscillation frequencies of 3.5 GHz (low band) and 5 GHz (high band). The simulated phase noise as a function of is also shown in Fig. 10(b) . In these simulations, the value of is tuned accordingly to keep the oscillation frequency constant. As expected, the phase error is reduced by increasing at both modes. It is also seen that the phase error is small and does not vary much for fF, but it only degrades the phase-noise performance. As a result, the optimum value of is found to be 400 fF. Fig. 9 shows the complete schematic of the dual-band QVCO. The voltage-controlled current sources in Fig. 6 are implemented using two sets of cells with opposite polarities. For the top cells, the effective transconductance is positive , while in the bottom cells, the polarity of connections is reversed to have a negative transconductance The transformer was realized in 65-nm CMOS technology using the 3.4-m-thick top metal layer. The layout of the implemented transformer is shown in Fig. 11 , where the inner inductor has four turns with metal width of 8 m, while the outer one has two turns with metal width of 12.5 m, for maximum quality factor. Fig. 11 also shows the simulated quality factor, inductance, and coupling factor for the two coupled inductors using the electromagnetic simulator Sonnet. The inner and outer coils achieve quality factors of 15.6 and 22 at 5 GHz, respectively, while showing approximately the same inductance of 1.4 nH. Fig. 12 shows the simulated resonator's input impedance when the digital control word of the switched-capacitor banks is swept. At the low-and high-frequency bands, QVCO continuously covers 2.7-4.2 and 3.6-6.3 GHz, respectively, leading to whole frequency coverage of 2.7-6.3 GHz. Also, as can be seen, the amplitudes of at the two resonant frequencies are almost the same, ranging from 210 to 320 at the low band and from 190 to 340 at the high band (not considering the overlap region). As a result, nearly the same power needs to be consumed in both modes to push the oscillator into the voltage-limited regime.
IV. FABRICATION AND MEASUREMENT RESULTS
The QVCO was fabricated in a TSMC 65-nm CMOS technology and encapsulated in a 32-pin QFN package for performance characterization. A die microphotograph of the chip is shown in Fig. 13 . The chip occupies an active core area of 0.35 mm and consumes a total current of 9.7-15.6 mA from a 0.6-V voltage supply. With reducing frequency in each band, the amplitude of the input impedance drops and thereby more power must be consumed to achieve low phase-noise performance. The tuning range of the QVCO was measured using an Agilent E4446A spectrum analyzer and is shown in Fig. 14(a) , in which each bar represents the continuous tuning range when the control voltage of varactors is tuned from 0 to 1.2 V. The QVCO continuously covers the frequency range of 2.75-4.2 GHz at the low-band and 3.62-6.25 GHz at the high-band, corresponding to the tuning ranges of 41.7% and 53.3%, respectively. The significant overlap between the two The QVCO phase noise is also measured using an Agilent E4446A spectrum analyzer. Fig. 14(b) shows the simulated and measured phase noise at 1-MHz offset across the entire tuning range. The varactor voltage was set to 0 V for the phase-noise measurements. The QVCO gain has its minimum value at this voltage; thereby Fig. 14(b) shows the best achievable phase-noise performance. A phase-noise degradation of up to 1.2 dB was observed at 1-MHz offset frequency for the worst case varactor setting across the tuning range. The corresponding FoM for the measured phase-noise data is also depicted in Fig. 14(c) , where the FoM is defined as (38)
The FoM of the QVCO ranges from 184 to 188.2 dB, which is comparable to those of differential multi-band LC oscillators [22] , [25] . Fig. 15(a) and (b) shows the measured phase-noise profiles at the lowest and highest frequencies in each band, respectively, when the control voltage of varactor is 0 V.
In order to measure the quadrature phase accuracy, the QVCO outputs are downconverted to a low frequency of 50 MHz using an external LO. As depicted in Fig. 16(a) , an off-chip dual-channel mixer (ADL5802 from Analog Devices) is used for frequency down-conversion and is mounted very close to the QCVO chip on the testing board to minimize Fig. 16(b) shows the down-converted 6-GHz quadrature signals at 50 MHz. The same measurement is repeated across the entire tuning range and the results are shown in Fig. 17 . The quadrature phase error of the QVCO is always less than 1.5 over its entire operating range.
The experimental results are summarized in Table I and compared against the other state-of-the-art wide-tuning-range QVCOs. To the best of authors' knowledge, the presented oscillator shows a competitive FoM while covering the widest tuning range among the other published QVCOs. It also achieves good quadrature phase accuracy and consumes a relatively small silicon area.
V. CONCLUSION
This paper has reported on a novel dual-band quadrature oscillator using a transformer-based LC ring. The proposed structure was verified by a prototype in 65-nm CMOS technology, which achieves low phase-noise performance and covers a wide frequency range of 2.75-6.25 GHz. A thorough analysis of the QVCO's operation and its performance was also presented.
APPENDIX
This appendix drives equations for and assuming the series resistance of the inductors dominates in the resonator's loss.
Modeling the resonator's energy loss with a resistor in series with the inductors and following the same analysis as in Section II-A, the input impedance can be found as shown in (39) at the bottom of this page.
At the oscillation frequency ( or ), (39) can be written as In the same way, it can be readily shown that the amplitude of in (8) at the resonance frequency is well approximated as (44) By equating amplitudes in (43) and (44), the expressions for and can be obtained as reported in (11) and (12), respectively.
